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Abstract. Correlationsarepresentedbetweenmodelpredictionsfor03-NO,1-hydrocarbon
sensitivityandafternoonconcentrationsof four “indicatorspecies”:NON, O~J(NO~-

HCHO/N07,andH2QiHNO3. Theindicatorspeciescorrelationsarebasedon aseriesof
photochemicalsimulationswithvarying ratesof anthmpogenicandbiogenicemissionsand
meteorology.Hydrocarbon-sensitivechernisuyin modelsis shownto belinked to afternoonNO,
>20ppb,O~JiNO~- NO1) <7,HCHO/NO,C 0.28, andH202/HNO3<0.4. LowerNO~and
higherratioscorrespondwith NOrsensitiveozone. ThecorrelationbetweenNO~hydrocarbon
sensitivityandindicatorspeciesremains,evenwhenmodelemissionratesandhydrocarbon,N01ratiosarechangedbyafactorof 2. Methodsaxedevelopedforevaluatingthegoodnessof fit
betweenmodelN01-hydrocarbonsensitivityandindicatorvalues. Ozonechemistryis also
analyzedin termsof fundamentalpropertiesof oddhydrogen,andtheoreticalcriteria for the
transitionbetweenNO1- andhydrocarbon-sensitiveregimesarederived. A theoreticalcorrelation
betweenO~andH202+ NO~- NO1 is developedasaway to extendrural03-NO,,correlationsinto
urbanlocations. Measuredindicatorvaluesduringpdlution eventsin Los Angeles,Atlanta,and
ruralVirginia areusedto illustratetherangeof observedvaluesunderdifferentenvironmental
conditions.
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Introduction

The relationship among ozone, NO1, and reactive organic
gases (ROG) in polluted environments represents a major
uncertainty in terms of both scienceand public policy. It is
generally known that for certain conditions the rate of ozone
formation will increase with increasing NO1 and will be
insensitive to ROG. while for other conditions the rate of
formation will increase with increasing ROG and will be
unchanged(or perhaps even decrease)with increasing NO1.
However, the question of whether peak ozon concenuationsiii
a specificbc~p_are sensitive to NO1 or to ROG hasproven
elusive.

A major problem for the study of ozone-N01-ROGsensitivity
has been the inability to gain evidence based on direct
measurementsrather thantheoretical calculations. Evaluations
of ozone-NO1-ROGsensitivity have relied on results of three-
dimensional dynamical/photochemical models such as the
Urban Airshed Model (UAM). These evaluations are difficult
becausethey depend on assumptions. e.g., about emission
rates, that are highly uncertain[Fujita n aL, 1992] andbecause
predicted sensitivity cannot be tested empirically. Model
accuracy is assessedby comparing predicted and observed
ozoneand occasionally other species.[Tesche et a!., 1990].
Even when the model application appears successful in
comparison with measured ozone there may still be
considerabledoubt about the accuracy of the model prediction
for ozone-N01-ROGsensitivity. Becausesimilar quantitiesof
ozonecan be produced in ROG-sensitive and NOcsensitive
enviromnents, it is possible for a simulation to return accurate
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predictions for ozone and still err in its prediction for
sensitivity. In recent years, model assessmenthas been
improved by including comparisons with measured
concentrations of primary ROG species(Tescheet aL, 19901.
Since primary speciesconcentrations are strongly affected by
micrometeorology, vertical mixing rates, arid on-site sources,
there is still room for doubt concerning model sensitivity
predictions.

An alternativeapproach to determining ozonesensitivity is
to identify individual species or species ratios that
consistently assumedifferent values underconditionsof NO1-
sensitive and ROG-sensitive ozone. If these types of
“indicator species” can be identified, then ozone-N01-ROG
sensitivity could be determined directly from measurements
rather than from models. Comparisons between model

predictionsandmeasuredvalues for the indicator specieswould
also provide a test of the accuracy of model sensitivity
predictions.

Milford at at [1994] have established a link betweenozone,
sensitivity and total reactive nitrogen (NOyrrNO1 + HNO3 +
peroxyacetylriitrates+ alkyl nitrates). In the• study by Milford
at a!., low valuesof afternoonNO~(<12 ppb) were consistently
associatedwith NO1-sensitive ozone,andhigh valuesof NO,
(>25 ppb) were associatedwith ROG-sensitiveozone,basedon
sensitivity predictions from four different model applications
to cities andregions in the United States. The potential link
between sensitivity and NO1 demonstratedby Milford at a!.
[1994] is especiallyusefulbecauselaboratory techniques for
measurementof NO, have beenextensivelydeveloped, tested,
andapplied[Trainer at at, 1993;Fehsenfe!d at at, 1987].

The indicatorspecies approach to ozonesensitivity has two
significant drawbacks. First, correlations between sensitivity
and indicator species(e.g., NO,) may shift significantly when
changesin initial emission rates are made. This type of shift
would suggest that the indicator-based estimates for ozone
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sensitivity still dependon model assumptions rather than
provide a fully independentestimate. Second,the theoretical
results that link_ozone_sensitivity with an indicator species
provide no basis for testing the validity of the theory.
Whereas the original determination of sensitivity through
photochemical modeling required an essentially untestable
faith in the accuracyof model ozone-NOfROGsensitivity, the
use of indicator speciessuch as NO~appears to require a
similarly untestablefaith in the accuracy of the model-based
indicator speciescorrelation.
This paper extends the indicator-speciesconcept of Milford

at a). [1994] to include three additional empirical indicators
for N01-sensitive versus ROG-sensitive ozone: the ratios
O3/(NO, - NO1), HCHOINO,. and H202/HNO3 (or }{202,NO,).
Along with NOV, thesespeciesprovide four semi-indenendent
indicators for ozone sensitivity. The HCI-IO/NO, and
H202/HNO3 ratios involve speciesthat are more difficult to
measure than NO~.but measurement techniques exist
[K!eindeinst et at, 1988; Hating at aL, 1988; Lee at at, 1993,
1994]. and they provide a link with ozonesensitivity that
relates to model assumptionsin a different way than NO~does.
In addition, the identification of four separate indicators for
ozone sensitivity provides for a more rigorous evaluation
becausethe individual indicators must be consistentwith one
another. This provides for a limited validation of the theory
through a comparison of simulated and observed correlations
betweenthe species. Sensitivity correlations and correlations
betweenindicator speciesare shown for photochemical model
applications to the Lake Michigan region and the northeast
corridor of the United States. {Sill,nan at a!., 1993] with a wide
range of initial assumptions. Measurements during air
pollution eventsin Los Angeles,Atlanta, and rural Virginia
show that the indicator species assume different values in
different photochemical environments.

Overview of Relevant Chemistry
Although the chemistry of urban ozone formation is well
known [e.g.. National Research Council (NRC), 1991], some
aspectsof chemistry that relate to ozone_sensitivityand the
indicator species are not well known and are worth
summarizing. The qz6ne-producing reaction sequence is
almost always initiated by the reaction of a hydrocarbon with
OH,

(Ri) RH ÷OH RO2 H2O

followed by reactionsof RO2 andHO2 radicals with NO,

(R2)

(R3)

(02]
RO2+N0 -* R’CHO÷HO2+N02

[02]

HO2+NO -~ OH÷N02
(For example, propane (C3H5) reacts via (RI) to form the RO2
radical C3H7O2 and then via (R2) to form propionaldehyde
(C2H5CHO). Most hydrocarbonshave more complex reaction
pathways, but the general pattern of RH to RO2 via (Ri) andto
an intermediate carbonyl via (R2) accounts for most
hydrocarbonreactions.)

The conversion of NO to NO2 results in the production of an
ozone following photolysis of NO2. Since the radical
reactions occur rapidly, the hydrocarbon-OH reaction
represents the rate-limiting step for the seauerjcç. The
intermediate aldehydeproduct R’CHO (replacedby a ketone or

dicarbonyl for many hydrocarbonspecies)mayundergo further
ozone-producingreactions, initialed either by reaction with OH
or by photolysis.

At moderately high NO1 concentrations (NO1> 03 ppb).
reactions CR2) and (R3) represen the dominant reaction
pathway for R02 and HO2 radicals, andozoneproduction rates
areroughly proportional to reaction (RI). Consequently, the
rare of ozoneproduction is roughlyproportionalto the summed
raze of the hydrocarbon + OH reactions CR1) along with the
analogousreaction with CO.

(R4)
[021

CO+OH -# HO2+CO2
In most urban environments and in the polluted rural
environmentsof Europe and the easternUnited States there is
an abundantsupply of NO1, CO. and hydrocarbonsto fuel the
ozone-producingreactions. The rate of ozone production and
the division into N01-sensitive and ROG-sensitive
photochemical regimes is linked to the abundance of the OH
radical and the oddhydr6gencycle.
Oddhydrogen in polluted environmentsis most conveniently

viewed as the sum of OH, HO2, and RO2 radicals rather than
simply OH + HO2 [Kleinman, 1986, 1991; SWmanat a!.,
1990b; SilIman, 1991]. With this definition, odd hydrogen is
conserved by reactions (R 1 )-(R4), which alsq provide the
major pathways for interconversion of OH, HO2, and R02. The
major sourcesof odd hydrogen are the photolysis of ozoneand
subsequent reaction of O(’D) with water vapor and the
photolysis of aidehydes and other intermediate R.OG species.
The important sinksof odd hydrogen are

(R5)

(R6)

(Ri)

HO2+HO2-4H2O2+O2

RO2 + HO2 -, ROOH + 02

OH÷NO2-. HNO3
Formation of peroxyacetylriitrate (RAN) is also a significant
sink for odd h~drogenin someurban environments.

The division !a~ol’~n hive and ROG-sensitive
photochemica regimes is determined by the relative size of
(R5)-(R7) and their role as odd hydrogen sinks. When
formation of n4tric acid (R7) representsthe major sink for odd
hydrogen, then the equation of odd hydrogen sourcesandsinks
demonstratesthat OH must decreasewith increasing NOr Oil
will also increaseslightly with increasing ROG, reflecting the
role of the latter as sourcesof odd hydrogen. The rate of ozone-
producing reactions, being proportional to (Ri). increases
rapidly with increasing ROG and decreaseswith increasing
NO1. Alt matively, when formationo[~oxides (reactions
(R5and$~))j~p~sentsthe major sink for odd hydrogen,then
the concentrationo~j~Q2radicals is fixed by the sizeof the odd
hydrogen source and is independent of NOr Becausethe odd
hydrogen loss rate is proportional to (HO2)2, the HO2concentration also shows little_sensitivity to ROG even when
hydrocarbons form a significant source of odd hydrogen. The
concentration of OH is governedby the interconversion of OH,
HO2, and RO2 (reactions (R1)-(R4)). OH increases with
increasing NO1 (due to (R3)) anddecreaseswith increasingROG
(due to (Ri)). The rate of ozone production increaseswith
increasing NO1 but is insensitive to ROG, as increasesin ROG
coincidewith decreasesin OH.

Sillinan at a!. [1 990b] have shown that reactions (Rl)-(R7)
lead to the following equation for OH, assuming that OH. HO2,
and RO2 are in photochemical steady state with one another
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based on reactions (Ri)-(R4) and odd hydrogen sources and
sinks arein similar steady state:

k4[CO]+k1 [RH])2% =k7[N02](OH]÷{k5( k3[NO]

k4[CD]÷k,[RH]ki[RHI)[OH]2~ k3[NO] k2[NO]

where Sg represents the source of odd hydrogen from
photolysis of ozone and aldehydes. The description of ROG-
sensitive and NO1-sensitiveregimes follows directly from this
equation, assumingthat production of ozoneis proportional to
the rateof reaction (Ri).

Alinic betweenozone-NO1-ROG sensitivity and the ratio
H2O2JHNO3 can be deduced from this simplified chemistry
because both NO1- versus ROG-sensitive ozone and the
H2O2/HNO~ratio aredependenton the relative magnitude of
(R5) and (R7). A similar link can be deduced for ‘the ratio of
organic peroxides (RO(5}~)to HNO3. associated,with the
relative magnitude of (R6) and (R7). The well-known
dependence of ozone-NO~ROGsensitivity on the ROG/NO1
ratio canalso be deducedfrom this representation.A complete
derivation is shown in the appendix.

K!einman (1991, 1994] has describeda similar transition
between “N01-limited” and “radical-limited” photochemical
regimes associatedwith season (summer versus winter) and
demonstrated its link with peroxide concentrations. Their
results suggestthat moderately polluted environmentsin the
easternUnited Stateshave NO1-limited chemistry in summer
andradical-limited chemistry in winter, associatedwith high
and low peroxide concentrations, respectively. The_NO1-
limited and radical-limited regimes of Kleinman [1991] are
defined by the relative sizeof the sourceof oddhydrogen(SH)
relative to the NO1 source (SN). The radical-limited regime is
associatedwith conditions during nighttime andwinter when
OH-driven photochemistry virtually ceasesdue to lack of
sunlight and 1120. This is fundamentally different from REDO-
sensitive urbanphotochemistry. which includes high OH and
significantphotochemicalproduction of 03, but there aredirect
parallels betweenthe two. The relation between Kleinman’s
radical-limited regime and the urbanROG-sensitiveregime is
discussedfurtherin the appendix.

Simulation Methods and Scenarios
Modeling results are based on simulated air pollution events

in the northeast corridor (June 15, 1988) and Lake Michigan
regions (August 2, 1988) [SiUlman at at, 1993]. Both these
events featured 03 in excess of 150 ppb and meteorology
characterized by high temperatures (303°-306°Kdaytime) and
water vapor (mixing ratio of 0.016). light winds, andrestricted
vertical mixing. Simulation methods are describedin detail
elsewhere[Sillnzan at at., 1993]; a summary is given here. The
simulations use the chemistry of Lurmann at at £1986] with
updated reaction rates (DeMoreat at., 1992],added R02+ HO2
reactions [Jacob and Wofsy, 1988] and chemistryof isoprene
and related speciesbasedon the work of Paulson and Selijeld
[1992]. Photolysis rates are basedon those of Madronich
£1987]. An aerosol optical depth of 0.68 was assumed,
representing moderately polluted conditions typical of the
eastern United States (Flowers at al., 1969]. Other
assumptions in the photolysis rate calculation included clear
skies, a total 03 column of 325 Dobson units (DU), surface

Anthropogenic emissions are based on the National Acid
Precipitation Assessment Program (NAPAP) 1980
[EnvironmentalProtection Agency (EPA), 1986],and biogenic
emissionsarederivedfrom databy Lamb at at [1985] with land

(1) use data by Matthews[1983]. Deposition velocitiesover land
were as follows: 03 and NO2, 0.6 cm s~NO. 0.1 cm’s’1 liMO3,
cm ~-1; PAN, 0.25 cm 5’l; andH202, 1.0cm s’~. Deposition
velocitiesoverwaterwere 0.05 cm s~for all thesespecies.

The model includesurban subsectionswith 20 x 20 km
horizontal resolution over domains of approximately300 x
400 km in combination with simulated regional-scale
photochemisty on a spatial domain that includesmostof the
easternUnited Stases[Siliman et al, 1990a]. A vertical grid
structurewith variableheights is usedto approximatetheeffect
of the oceanand Lake Michigan in suppressingvertical
mixing. Results represent average concentrations for the
mixedlayet The mixing height during the daytimewasderived
from vertical temperature profiles and representsregionwide
averages,but the model vertical structure includes low (200 in)
mixing heights over water with an adjustmentto representthe
extent of vertical dispersion of land-based emissions
transportedover water.
Results for eachscenarioare derived from a simulatedbase

caseand subsequentsimulations with emissionrates for either
anthropogenic ROG or NO1 reduced by 35% relative to
emissionsin the base case. In addition, a number of’ altered
scenarioshave been explored. Theseinclude (1) anthropogenic
ROG emissions doubled from the inventory values (Lake
Michigan), (2) anthropogenicREDO emissionscut in half from
the inventory values (Lake Michigan), (3) zero b~ogenic
emissions(northeast corridor), (4) height of the daytimemixed
layer cut in half (northeast corridor). (5) biogenic emissions
doubledfrom inventory values andheightof thedaytime mixed
layer cut in half (northeast corridor).

The alteredscenarioswere designed to test the, robustmss of
the indicator correlations and do not necessarilyrepresent real
events, However, it has been reported that emissionrates for
bothanthropogenicandbiogenicROG maybe twice aslargeas
those reported in current inventories in the United States
[Ftjita at a!., 1992; Geronat at, 1994]. Scenarioswith REDO
emissionslower than inventoryvaluesor with zero isoprene
are unlikely to represent real conditions in the northeast
corridor or Lake Michigan, but they may correspond to
cotiditions in other environments (e.g.. Europe or the
southwesternUnited States).

NO~-ROGSensitivity and Indicator Species

The overall correlation between simulated 03-NO,-ROG
sensitivity and potential indicator specieswill be illustrated
for N0~.which was discussedextensively by Milford at at
[1994]. Figure la shows the correlation betweensimulated
sensitivity and NO~for the Like Michiganbasecasescenario,
The figure shows several featuresthat identify a goodindicator
species. Thereis a sharp delineationbetweenNOrsensitive
locations (correspondingto NO~from 3 to 12 ppb). andREDO-
sensitivelocations (correspondingto NO~from 11 to 50 ppb).
The overlap between NO1-sensitive locations and REDO-
sensitivelocations occupiesa very narrow range of NO, values
(11-12ppb) and the number of locations with NO, in this range
is a small fraction of the total model domain, In additici, the
simulatedNO~extend over a wide range and are not clustered
nearthe transition betweenNO1- and ROG-sensitivelocations.albedo of 0.15, and single-scattering albedo of 0.75.
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Figure la. Predictedreductionin peak 0~(in parts per
billion, or ppb) resultingfrom a35% reductionin the emission
rate for anthropogenicROG (crosses)and from a 35% reduction
in the emissionrate for NO: (circles), plotted againstNO, (ppb)
coincident with the ozone peak in the simulation for the Lake
Michigan base case scenario [from Milford at at., 1994;
Slilman at a!., 1993].

When indicator values are located close to the NO1.ROG
transition point, the indicator-sensitivity correlation is likely
to fall within the range of uncertainty associatedwith the
model [e.g. Milford at al, 1993].
Resultsfrom the Lake Michiganscenariowith doubledRCG

emissions (Figure ib) illustrate a less successfulcorrelation
betweensensitivity and NO, Here the rangeof NO~values
associatedwith both NO1- andREDO-sensitivelocationsis much

wider (16-32 ppb), and the numberof locations with N0~
within this overlap region representsa significant fraction
(43%) of the entire domain. AcoinparisonwthFigurela also
showsthatthe rangeof NO~associatedwith N01.sensitive03
hasexpandedandtherangeassociatedwith ROG-sensitiveNO~
hascontactedin relationto theformer scenario.ThereforeNO,
as an indicator apparentlyfails to accountfor the changein
sensitivity that would result from a doubling of basecase
anthropogenicROG.

The good correlationbetweensensitivity andNO, in Figure
1a and the comparatively ~or co~relationin Figure lb can be
summarizedby recording the following parameters for each
model scenario: scenario_(a), the range of indicator values
associatedwith NO1-sensitivelocations (defined as locations
where the simulated reduction in peak 03 associatedwith
reduced NO1 exceedsthe simulatedreductionassociatedwith
reduced ROG by> 5 ppb); scenario(b), the rangeof ‘indicator
values associated with REDO-sensitive locations (defined
similarly); •and scenario(c), the “20% uncertainty fraction,”
equalto the fraction of themodel domain with indicatorvalues
that are within 20% of the rangeof indicatorvaluesassociated
with the oppositeN01-ROO sensitivity. Theseparametersare
recordedfor eachindicatorandeachscenarioin Table I andwill
be the basis for identifying their usefulness. Resultsfor each
indicatorwill be discussedhere.
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FIgure lb. Predictedreductionin peak 03 (ppb) resulting
front a 35% reduction in the emission rate for anthropogenic
ROG (crosses)and from a 35% reduction in the emission rate
for NO1 (circles),plotted againstNO, (ppb) coincidentwith the
ozone peak in the simulation for the Lake Michigan scenario
with doubled anthropogenicROG [from Milford at a!., 19941.

NO,. The use of NO, as an indicator for sensitivity was
discussed in detail by Milford at al [1994) and has been
illustrated in Figure 1. The two casesin Figure 1 illustrateboth
the positive andnegativefeaturesof NO, as an indicator.

As shown in Table 1, most of the individual simulations show
a strong correlation betweensensitivity andNO, with abroad
range of simulated NO, concentrations anda relatively narrow
range overlap between NO1- and ROO-sensitive locations,
Results from Milford at al [1994) showeda similar strong
correlation andsimilar ranges of transition betweenNO1- and
ROG-sensitiveNO,. However, the transitionpoint between
NO1- and REDO-sensitivelocations tendsto shift in responseto
changesin anthrocogenicand biogenic ROG. Referring to
Table 1. the transition occurs at —10 ppb in simulationswith
little or 2i6 biogen1~ROG (Lake Michigan basescenarioand
northeastcorrridor scenariowith zero isoprene). The northeast
corridor base scenariohassignificantly more biogenic R0O
than Lake Michigan anda highertransition (—20 ppb), andthe
northeastcorridor scenario with doubled isoprene has a
transition at —35 ppb. Similarly, the Lake Michigan scenario
with doubledanthropogenicROG (Figure lb) has a higher
transition than the basescenario. By contrastthenortheast
scenariowith a low mixed layer has a transition point (22ppb)
virtually identicalwith the basescenario.

The rationalefor NO~as an indicator is basedin part on the
impact of stagnantmeteorology on N01-ROO sensitivity.
Stagnantmeteorologyandassociatedhigh NQ, ROG. andNO,
causean increasein the photochemicallifetimes of NO1 and
ROO, with the result that an agingurbanplumeremainsin the
ROG-sensitiveregimefor a longerperiodof time. With more
vigorousmeteorologicaldispersionandlower NO1, ROG, and
NO, an_ in urbanplume would rapidly becomeNO1 sensitive

[Milford at al, 1994]. The contrastbetweenthe northeast

X ROG controls

0 NOx controls

1 10 100

NOy (ppb) Nay (ppb)

1 10
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Table 1. NO, andROG-SemsitiveRangesfor Indicator Species

03
Model Scenario NOy,ppb NOJ-N01,ppb ~iö~

Indicator

NO~
03

NO1

03-40 ppb
NO~-No1

03
HNO3

LakeMichiganScenarioWith AnthropogenicRUG Reducedby 50%
(a)NO1range 4-12 3-11
(b) ROG range 14-35 9-26
(c) Uncertainty 0.11 0.32

NortheastCorridor With MixedLayerReducedby 50%
(a) NO1 range 5-26 4-22
(b) REDO range 19-44 10-30
(c) Uncertainty 0.17 0.36

NortheastCorridor With DoubledIsopreneandMixedLayer
(a)NO~range 5-38 5-31
(b) REDO range 34-44 19-31
(c) Uncertainty 0.02 0.15

corridorbasescenarioandthe scenariowith a low mixed layer
demonstrates the impact of stagnantmeteorology. The base
scenario is dominatedby NO,-sensitivephotochemistry,but
the scenariowith a low mixed layerhas an extensiveROG-
sensitive region. The difference in NO,-ROG sensitivity
betweenthesetwo scenariosis reflectedby higherNO, in the
latter, and the transition betweenNO,- and REDO-sensitive
photochernistxyoccursat virtually the sameNO, in each(20-22
ppb). NO, as an indicatorcan also be explainedin termsof
ROO/NO, ratios if reactivity-weighted ROOremainstelatively
constant, as suggestedby Clzameidesat at. [1992]. The
changesin the transition point for NO, in simulationswith
different ROO areconsistentwith the well-knowndependence
of NO,-ROO sensitivity on ROG/NO,ratios.

The transition point for NO~ also varies with the
photochemical age of an air mass. Ozone formation is more
likely to be sensitiveto ROG in locationsclose to emission
sources,andthe associatedtransition betweenNO,- andREDO-
sensitivechemistryis likely to occurat lower NO,. This effect
can be illustrated by comparing ozone-NO,-ROCI sensitivity
early in the day with sensitivity associatedwith peak 03,
usually in middle or late afternoon. As shownin Table 1, the
sensitivity of 03 at noon in the Lake Michigan basescenario
correlateswith NO,, but the transition point is shifted toward
lower NO, (8 ppb versus 11 ppb for peak 0~).

The sum of NO, reactionproducts( NO, - NO,) can also be
usedas an indicatorfor sensitivityandis included in Table 1.
NO, - NO, has an advantageover NO, as an indicator because

LakeMichigan BaseCaseScenario
(a) NO1 range 4—il 3-9
(b) REDO range 11-50 10-33
(c) Uncertainty 0.17 0.12 -

Lake MichiganScenariowith DoubledAnthropogenicROG
(a) NO1 range 4-31 3-29
(b) ROO range 16-52 13-45
(c) Uncertainty 0.54 0.53

7.2-17
1.9-7.4
0.27

6.9-17
3S-7.8
0.57

93-19
33-84
0.13

73-19
4.8-8.7
0.54

6.5-17 72-21
2.2-6.4 3.6-8.9
0.18 0.32

LakeMichiganBaseCaseScenario,Sensitivhyof 03 at Noon
(a) NO1 range 3-7 2-5
(b) REDO range 9-65 6-18
(c) Uncertainty 0.03 0.13

NortheastCorridor BaseCaseScenario
(a) NO1 range 4-22 4-19
(b) REDO range 16-34 11-23
(c) Uncertainty 0.14 0.29

NortheastCorridor ScenarioWith Zero Isoprene
(a)NO1 range 3-8 3-6
(b) ROGrange 10-30 7-21
(c) Uncertainty 0.09 0.09

9.0-22
0.9-7.0
0.04

5.6-19
3.4-7.1
0.10

10-19
3.O-l1
0.33

4.8-8.8
2.0-5.5
0.49

5.2-9.1
3.4-6.4
0.75

3.6-8.7
1.8-4.9
0.41

5.3-7.8
0.7-4.9
0.20

5.3-11
4.1-5.6
0.11

6.4-11
L5-7.4
0.91

5.3-11
3.7-6.3
0.18

4.5-11
4.8-5.3
0.12

14-25
3.1-11
0.09

7.9-21
6.2-8.6
0.15

14-22
5.7-13
0.26

12-45
4.1-12
0.15

10-52
6.7-15
0.54

L5-47
4.0-12
0.28

11-56
3.5-16
0.29

14-86
9.6-16
0.15

17-34
7.3-20
0.75

14-92
8.0-16
0.18

11-180
11-15
0.04

4.1-19 73-20
2,5-7.4 52-9.0
0.15 0.20

Reducedby 50%
3:0-19 6.1-19
3.0-5.2 63-7.0
0.04 0.07
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Table 1. (continued)

Scenario

Indicator

Model
HCHO
NOy

HCHO-5 ~vb
NOJ

1120
BNC3

11202

NO~- NO1

11202
NQ~

LakeMichigan BaseCaseScenario
(a)NO1range 0-29-0.67 039-1.9 0.37-23 0.27-0.97 022-0.82
(b)ROOrange 0.14-0.31 0.23-0.73 (101-030 0.01-0.25 0.007-0.24
(c) Uncertainty 0.30 0.16 0.03 GAl 0.16

Lake Michigan scenariowith doubledanthropogenicROG
(a)No1range 0.35-0.76 0.55-2.0 025-2.3 0J7-1.0 0.16-0.89
(b) ROOrange 0.23-0.42 0.42-067 0.03-036 0.02-0.23 0.02-0.22
(c) Uncertainty 0.64 035 034 0.38 0.40

LakeMichiganscenariowith anthropogenicROGreducedby 50%
(a) N01range 020-O.66 0.60-1.9 026-2,4 0.21-1.1 0.18-0.84
(b)ROOrange 0.10-23 0.26-0,56 0.03-0.29 0.02-022 0.01-0.16
(c) Uncertainty 0.34 0.16 0.16 0.16 0.11

LakeMichiganBaseCaseScenario,SNoon
(a)NO1range 0.39-0.82 1.1-2.8 0.67-2.2 0.31-1.1 0.27-1.0
(b)ROGrange 0.11-0.36 0.22-0.82 0.008-038 0.01-0.28 0.002-0-15
(c) Uncertainty 0.17 0.04 0 0.06 0 -

NortheastCorridor BaseCaseScenario
(a)NO~range 0.26-1.2 0.55-2.2 0.43-6.1 0.24-1.6 0.22-1.5
(b)ROOrange 0.23-0.42 041-0.67 0-19-054 0.12-0.29 0.09-0.23
(c) Uncertainty 0.57 0.18 0.08 0.08 0.02

Northeastcorridor scenariowith zero isoprene
(a) N01range 0.26-0.52 0.92-1.7 0.61-1.5 0.48-1.2 0.39-1.1
(b)ROCrange 0.17-.38 037-0.83 0.10-0.64 008-0.50 005-0.45
(c) Uncertainty 0.93 0.17 0.16 0J5 0.21

NortheastCorridor With MixedLayerReducedby 50%
(a)NO1range 0.28-1.3 054-2.2 0.46-7fl 0.24-1.5 0.15-1.4
~b)ROGrange 0.25-0.52 036-037 0.12-0,55 0.08-0.35 0.05-0.33
(c) Uncertainty 0.62 0.28 0.07 0.12 0.13

NortheastCorridor WishDoubledIsopreneandMixedLayer Reducedby 50%
(a)N01range 0.33-1.8 0.49-2.6 0.45-20. 0.20-1.6 0.15-1.5
(b)ROOrange 0.32-0.43 043-056 0.20-0.62 0.11-0.28 0.08-0.17
(c) Uncertainty 0.09 0.04 0.04 0.05 0.01

The range of indicator values associatedwith (a) NO,-sensitivechemistry and (b) REDO-sensitivechemistry is given for each
simulation,along with (c) the fractionof model indicatorvaluesassociatedwith uncertainNO,-ROO sensitivity. The NO,-
sensitiverangeis definedas the rangeof locationswith simulatedpeak03 in simulationswith reducedNO, lower than in
simulationswith reducedROO by at least5 ppb. TheREDO-sensitiverangeis definedanalogously. Theuncertaintyfractionis
defmed by the fraction of the model domain with indicator values within 20% of the indicator range associatedwith the
oppositeN0,-ROG sensitivity.

NO, field measurementsin urbanlocationsmay be impactedby The subsequentindicatorratios basedon NO, can all be used
on-site NO, emission sources. However, the correlation with NO, - NO, substitutedfor NO, andwith the same30%
between sensitivity and NO, - NO, in models is somewhat change in transition values.
worse than the correlation with NO,~with a broader overlap
between NO,-sensitive and ROO-sensitive ranges (Table 1). 03 and03 —4oppb The slopeof O~versusNO or
Transition points for NO, - NO, are -30% lower than the NO, N0, NO, N0,
corresponding transition point for NO, in these simulations. 03 versus NED, reaction products (NO, - NO,) has been used
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O3/(NOy-NOX)

Figure 2b. Predictedreduction in peak03 (ppb) resulting
from a 35% reduction in the emissionrate for anthropogenic
REDO (crosses)andfrom a 35% reductionin the emissionrate
for NO, (circles), plotted againstOil(NO, - NO,) coincident
with the ozonepeakin the simulation for the Lake Michigan
scenariowith doubledanthropogenicIWO.

(transition at 03/(NO, - NO,) 6). The correlation with
sensitivity at noon also shows a different transition point
(03/(NO,- NO,) 13). Theratio O3/NO, alsoperformswell as
an indicatorin thesesimulations(transitionpoint at 031N0,=
6-7), although 03/(N0, - NO,) is correctin terms of theory.
Theratio O3/I{NO3 also performswell.

Theratio (03 - 40 ppb)/(NED, - NO,) (Figure 3 andTable 1) is
lesssuccessfulas in indidator than 03/(NO, - NO,). Although
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Figure 2a. Predictedreductionin peak 03 (ppb) resulting
from a35% reductionin the emissionrate for anthropogenic
ROG (crosses)and from a 35% reductionin the emissi&1 rate
for NO, (circles), plotted againstO3/(NO, - NO,) coincident
with the ozone peakin the simulation for the Lake Michigan
basecasescenario.

frequently to analyzephotochemistryof 03 in polluted naral
areas[Siihnan et a1.~1990b; McKeen et al., 1991; Trainer et
al., 1993]. Theratio (03 - 40 ppb)/(NO, - NO,) canbe used
from individual measurementsto quantify the slope, where40
ppb representsbackground03 both in the current simulations
andin the measuredcorrelationsbetween03 andNO, - NO, of
Trainer eta!. [1993].

A rationale for either O3/N0, or (03 - 40 ppb)/N0, as
indicator for N0,-ROG sensitivity can be derived from the
analysisof oddhydrogenin the appendix. The transition from
NO,- to REDO-sensitivechemistryis associatedwith the ratio of
sourcesof oddhydrogen(SH) to amodified sumof NO, reaction
products(NO, - NO, + rn’~03)(equation(A6)). If thesourceof
odd hydrogen is proportional to [03]. then the transition
criterion given by (A6) is approximatelycorrelatedto the ratio
03/(NO, - NO,). Alternatively, if thesourceof odd hydrogenis
proportional to the rate of production of ozone, then the
transition criterion is equivalent to a constantslope of 03
versusNO, - NO,. Theslopeof 03 versusNO, - NO, hasalso
beendiscussedin termsof productionefficienciesfor 03 [Liu a
aL, 1987;Lineta!., 1988].

Resultsfor both indicatorsareshownin Figure 2 andTableL
The performance of 03/(NO, - NO,) as an indicator is
comparableto NO~with a well-definedtransitionbetweenNO,-
sensitivechemistry (O3/NO, - NO,) > 9) and RUG-sensitive
chemistry (O3/(NO, - NO,) < 8). In contrastto NO,. the
transition point for 03/(N0, - NO,) shows relatively little
variation among the model scenarios. For example, the
transition points for 03/(NO, - NO,) in the Lake Michigan
base-and doubled-ROGscenarios(Figures 2a and 2b) are
virtually identical. By contrast, the transition point for NO,
changedby a factor of 2 betweenthe scenarios. Significant
differencesin the transition point for O3/(NO, - NO,) only
appearfor the northeastcorridor scenarioswith zero isoprene
(transition at O3/(NO, - NO,) 13) and doubledisoprene
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the transition point associatedwith (03- 40 ppb)/(NO, - NO,)
is generally consistent among the sevenmodel scenarios,a
largeproportion of indicatorvaluesarelocatedvery close to

the transition region. Consequently,the fractionof the model
domain associatedwith or close to the region of overlap
betweenNO,- andROG-serisitiverangesis largerthan that for
NO,or OiltNO, - NO,). Theratio (03-40 ppb)/NO, performs
similarly. The ratio (03 - 40 ppb)/N0, is especially
interestingbecauseit is directly comparableto the AIRTRAK
method tfohrzson, 1984; Johnsonet a!., 1990; Blancljard et
a!., 1993]. which is being investigatedfor regulatoryuse by
the U.S. Environmental Protection Agency as a basis for
identifying NO,- versusROG-sensitivechemistry. Johnson et
aL derivedan indicator for NO,-ROG sensitivity equivalentto
(03 - 40 ppb)/NO,, using results from smog chambers,and
identified the transition point as (03 - 40 ppb)/N0, = 4.09.
The simulations here have a transition point at (03 - 40
ppb)/N0,= 3-4but with considerablescatter.

Both O3/(NO, - NO,) and (03 - 40 ppb)/(NO, - NO,) are
associated in theorywith ratesof productionfor odd hydrogen.
Consequently,it is likely that transition points will shift in
simulationswith different amountsof solar radiation of H20,
both of which affect the odd hydrogensourceterm, andwith
temperature,whichaffectsPAN.

HCHO/NO,. Figure 4 showsthe correlationbetweenNO,-
ROG sensitivity and the ratio ECHO/NO, at the time of the
ozonepeak. The ratio ECHO/NO, functionsas a reactivity-
weightedROC/NO,ratio, sinceproductionof ECHO is roughly
proportionalto the sununedrate of reactionsof ROG with 01-i.
Low ECHO/NO, is associatedwith RUG-sensitiveozone,a
result that parallels the relation betweenozone.sensitivity and
RUG/NO,. Other RUG-basedindicators,including reactivity-
weightedtotal REDO andROC/NO,andRUG/NO,ratios,did not
provide agoodcorrelationwith ozone-N0,-REDGsensitivity in
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FIgure4. Predictedreductionin peak03 (ppb)resulting from
a 35% reductionin the emissionrate for anthropogenicRUG
(crosses)andfrom a35%reductionin theemissionrate for NO,
(solid circles),plotted againstECHO/NO, coincidentwith the
ozonepeakin the simulation for the Lake Michiganbasecase
scenario.

the simulations. The ratio HCH0/ç’N0~- NO,) can also be
associatedwith NO,-ROG sensitivity throughthe analysisof
odd hy drogen, as was done for 03/(N0, - NO,), with the
assumptionthat the odd hydrogensource is proportional to
ECHO.
The correlation between sensitivity and ECHO/NO, is

comparable with NO, in its consistency, although its
usefulnessis partially compromisedby its relatively narrow
range of values. The model predicts the crossoverbetween
N0,-sensitiveandRUG-sensitiveozoneoccursat ECHO/NO,
0.28, while the RUG-sensitive Chicago urban plume is
predictedto haveHCHO,N0, 0.20. In highly pollutedEDO-
sensitiveenvirommentsthe ratio appearsto approach0.15 as
an asymptoticlimit. The clusteringof ECHO/NO,closeto the
transition point is reflectedin the largefractions of the model
domain associatedwith overlap betweenNO,- and RUG-
sensitiveranges(Table 1).

An interestingfeatureof HCHOiNO, as an indicatoris that the
ECHO/NO, correlationsrepresentthe impact of changesin
RUGemissions ECHO/NO,canbe combinedwith NO, to form
an indicator((ECHO +5 ppb)/N0,) with a transitionpoint that
shows relatively small variations in responseto cl~nged
modelemissionratesfor REDO (seeTable 1).

H202/HNO3. The connectionbetweenN0,-ROG sensitivity
and the ratio of hydrogenperoxide to nitric acid is stronger
than for the other indicators in terms of both theory and
simulation results. It wasshownin section2 andthea~pendix
(Equation (A6)) that NO,-ROG sensitivity is linked to the
relativeratesof formation of peroxidesandnitric acid andto
their role assinks for odd hydrogen. Simulationrestilts (Figure
S andTable 1) showa closecorrelationbetweenH2O2/HNO3.
andsensitivity for all model scenarios. The overlapbetween
NO,- and ROG-sensitiveranges is consistently small in
comparisonwith the rangeof simulatedvaluesfor H2O2/HNO3,
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FIgure5. Predictedreductionin peak03 (ppb) resultingfrom
a 35% reductionin the emissionrate for anthropogenicRUG
(crosses)andfrom a35% reductionin the emissionratefor NO,
(solid circles),plotted againstFI2OWHNO3 coincidentwith the
ozonepeakin the simulation for the Lake Michigan basecase
scenario.
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andthe “uncertainty fractions’ are low in comparisonwith the
other indicators. The transition from NO,- to ROC-serisitive
chemistryoccursat H202/HNO3 03-0.5 andshows relatively
small variation among the model scenarios. The northeast
corridor scenariowith zero isoprenehasa signficantly higher
transition ratio (0.6), and the northeastscenariosall have
slightly higher transition points than the Lake Michigan
scenarios. In contrast to the previous indicators, the
sensitivity correlationfor H202/HNO3 for 03 at noonshows
the same transition point as the correlations for peak03.
Table 1 also showsindicatorcorrelationsfor H202/NO,, which
might beused in placeof H2O2/HNO3if liNED3 measurements
areunavailable.
Uncertainties. The extent of overlap betweenNO,-

sensitiveand RUG-sensitiverangesfor indicator speciesand
the comparisonbetweenindicatortransitionpoints in different
model scenarios provides a partial representationof the
uncertainties associated with the sensitivity-indicator
correlations. The use of model-basedcorrelations also
involves additional uncertaintiesbasedon model assumptions
or omissions. Some of theseuncertaintieswill be discussed
here.

AU of the indicators include at least one species(HNO3)
whichhasa high rate of surfacedeposition. Another species
(11202)may form an aerosolin the presenseof haze(C, Walcek,
State University of New York at Albany, private
communication,1994). The indicatorvaluesreportedhereare
therefore sensitive to assumeddeposition and aerosol
formationrates. The impactof depositionin themodelscanbe
seenby comparingtransition points for the northeastcorridor
scenariowith zero isoprenewith transition points for other
scenarios.The zero-isoprenescenariois unusualin thatROG-
sensitivechemistrypersists in urban plumes for a period of
more than24 hoursdownwindfrom emission sources,allowing
for much greater deposition of HNO3 during transport
associatedwith the transition region. Day-old urbanplumes
all haveNO,-sensitivechemistryin the other scenarios.Table
1 showsthat transition points in the zero-isoprenescenarioare
different from the other scenariosfor every indicator, and that
the difference is consistentwith - a higherrate of removal for
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lINED3 at the transition point Differencesin model deposition
ratesalso affect predictedcross-speciescorrelations(below).
The impact of solar radiation. lHzO] or temperatureon

indicator correlationshas not beenexplored. At least one
indicator (Oil(NO, - NO,)) is expectedto vary significantly in
responseto changesin radiation and [1120]. which affect
production rates for odd hydrogen. Temperatureaffects
formation ratesfor PAN andthereforemayalso havean impact
on the performanceof indicatorsinvolving NO,.

All model calculations are sensitive to uncertaintiesin
chemical rate constantsand stoichiometry. which generally
causea20-30% uncertainty in resulting speciesconcentrations

[Milford et al., 1993]. H202 is especially vulnerable to
reactionrate andmechanismuncertainties. 11202 is closely
associatedwith model formation of organicperoxidesl(Oz +

1102 reactions(R6), which variessignificantly amongdifferent
photochemicalmechanisms. In the current simulation the
formation of organicperoxidesvia (R6) is approximatelyhalf
the rate of formation of 11202, but this simulatedrate hasnot
beencomparedwith atmosphericmeasurements.Formationof
11202 and someorganicperoxides(e.g.. HOCH200H) from
reactionsother than(R6) hasnot beenincludedandaddsfurther
uncertaintyto the interpretationof H202 andorganicperoxide
concentrations.

Correlations BetweenIndicator Species
The proposedconnectionbetweenNO,-ROG sensitivity and

indicator specieswould be strengthenedif the simulations
could also be usedto generatecorrelationsbetweenindicator
species that could be tested against measurements.
Unfortunately, the simulationspredict no strong correlations
among all the indicator speciesapart from the 03 - NO,
correlationexploredby Trainer et a!. [1993].

Figures 6 and 7 show simulated correlationsbetweenthe
speciesassociatedwith indicatorratios,ECHO versusNO, and
11202 versusHNO3. Resultsillustrate the differencesbetween
the largely NO,-sensitivechemistry in the northeastcorridor
basecasescenarioandthe largelyRUG-sensitivechemistry in
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Figure 6- ECHOversusNO, (ppb) at 1800 LT in simulations
for the northeastcorridor (points) and the Lake Michigan
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Figure 7. 11202 versusHNO3(ppb) at 1800 LT in simulations
for the northeastcorridor (points) and the Lake Michigan
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Northeast

Lake Michigan

1

10 15

Figure 8. 11202 versus HCHO (ppb) at 1800 LT in
simulationsfor the northeastcorridor (points) and the Lake
Michigan. airshed(circles).

the LakeMichiganbasecase. ECHO increasesversusN0~with
two distinct slopes,apparentlycorrespondingto NO,- versus
RUG-sensitive chemistry. The distinct slopes may also
representthe difference betweenphotochemicalevolution of
combined anthropogenicand biogenic emissionsover land
versusevolution of urbanplumes transportedover waterwith
little biogenic emission. H202 and HNO3 anticorr~latewith
eachother, but the northeastcorridor simulation hashigher
H202 and a weakeranticorrelation than the Lake Michigan
simulation. The lack of aconsistentcorrelationamong these
species is partially explainedby their tendency to assume
different correlative patternsin NO,- versusRUG-sensitive
conditions.

Thereis also no consistentcorrelationbetweenthe simulated
H202 andECHO or between11202and03 (Figures 8 and9).
However, there is an intriguing triple correlation among 03,
11202,andNO, reactionproducts. In theory(seeappendix)the
sum 11202.~- NO, - NO, representsthe cumulativesink for odd
hydrogen and may be expectedto correlate with 03. A
correlation of this type is predictedin the simulation for the
northeastcorridor (Figure lOa). where03 versusH202+ NO,-
NO, shows a strongercorrelationthat 03 versusNO, - NO, or
03 versus l-1N03. A weakerpatternappearsin the Lake
Michigan simulation (Figure lOb), although the correlation
between03 and 11202+ NO, - NO, is againstrongerthan the
correlation between03 and reactive nitrogen. A significant
partof the poorcorrelationin Figure9b is due to the changein
surfacedepositionratesbetweenthe landandthe lake shorein
the model. The high 11202 + NO, - NO, versus03 all
correspondsto locations associatedwith transportover Lake
Michigan. wheremodel depositionrates are low. The low
ratios in Figure lOb representlocations over land and are
similar to the ratios in the northeastcorridor simulation
(Figure ba).

Although difficult to measure,thepredicted11202+ NO,- NO,
versus03 andits interpretationin terms of odd hydrogenmay
representan extensionof therural03 versusNO, - NO, to urban
environments.The viewpoint here is different from that of Liu
qi 2i. [1987]. Li4 Cf a!. [1988], McKeen et a!. (1991], and
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Figure 9. 11202versus03 (ppb) at 1800 LT in simulations
for the northeastcorridor (points) and the Lake Michigan
airshed(circles).

Trainer ci a!. [1993], who emphasizethe role of NO, as
precursor for 03 and the slope 03 versus NO, - NO, as a
representationof varying productionefficiencies for O~.The
view presentedhere emphasizes03 as a source far odd
hydrogen, either directly or through association with
intermediatehydrocarbons,and ratesof formation for both
peroxidesand reactivenitrogen aslimited by the sizeof the odd
hy4rogensource. The transition from NO,- to ROG-sensitive
chemistryis linked with the replacementof peroxidesby HNO3
as the dominant sink for odd hydrogen, and thereforeby a
decreasingratio of 03 to reactivenitrogen.

ComparisonWith Observations

In recentyears, concurrentmeasurementsof NO,, ECHO,
11202, andHNO3 havebeenmadein Claremont,California,near
Los Angeles (Bart Croes, State of California Air Resources
Board, Sacramento,California, private communication,1994),
in Atianta, Georga[Sillinan ci a!., 1995], andat arural site in
Virginia (Jacob ci a!., 1995]. Complete analysesof field
measurementswill be provided in papersauthoredby the
principal investigators, but results have been graciously
provided. Becausesomeresults are preliminary, they have
large uncertainties(-i-I- 25%) but they provide evidencefor
crosscorrelationamong the indicatorspecies.

As shown in Table 2, measuredvalues during an event at
Claremont, California are consistent with ROG-sensitive
chemistry. Theseincludedvery high (>50 ppb) afternoonNO,,,
low (<1 ppb)H202, andanECHO/NO,ratio of 0.16. The ROG-
sensitive nature of ozone in Claremontis consistentwith
published modelling studies for the region [Milford a aL,
1989], although model results also suggestthat the chemistry
becomessensitiveto NO, at downwindlocationswithin greater
Los Angeles.

Measuredconcentrationsfor Atlanta are more difficult to
interpretbecauseNO, was only availalefrom helicopter-based
measurements40 lendownwindfrom Atlanta, while 11202and
ECHO weremeasuredat asiteneardowntown. Helicopter-based
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Figure 10. HNO3 (points) , NO, - NO, (circles) andH202+ (NOy - NOx) (crosses)versus05. all in ppb at
1800LT in simulationsfor (a) thenortheastcorridorand(b) theLake Michiganairshed.

14,185

measurementsat 600 m found —12 ppb NO, coincidentwith
peak03 (143 ppb), valueswhich are consistentwith models
[Silbnan ci a!., 1995]. Given the high emission rate for
isoprenein Atlanta, the measuredNO, andO3/NO,both suggest
NO,-sensitiveozone. However,surfacemeasurementsof HCHO
at South Dekalb, —5 km from the helicopter measurements,
were lower than would be expectedin a NO,-sensitive
environmentand lower than thosepredictedby photochemical
models [Siliman ci a!., 1995. Peroxides (3.5 ppb) were
measurednear downtown, but up to 50% of this total may
representorganic peroxidesother than 11202 [Sithnan ci a!.,
1995; Lee ci a!., 1993]. The resulting values for both
HCHO/N0, andH2O2/N0, (seeTable 2) suggestN0,-sensitive
chemistry but lie close to the transition point. All four
indicators show a large contrast betweenClaremont and

Table 2. MeasuredConcentrationsof Indicator Species

Atlanta, suggestingthat chemistry is fundamentallydifferent
in the two locations.
Jacob ci a!. [1995] measuredNO, and11202 at asite in rural

Virginia during Septemberand October1990. They reporteda
significant variation in lizO 2/N0, ratios between the
beginningand the endof the time period, which corresponded
to a sharp decreasein solar radiation, HzO, and biogenic
emission of isoprene at the start of autumn. The measured
H2O2/N0, ratio on a day with high 03 in early September,
shown in Table 2, was higher than that in the Atlanta
measurementsand is consistentwith predictions of NO,-
sensitive 03 in rural easternNorth America [SiUman ci al.,
1990b; McKeen a at, 1991; Possie! ci a!., 19911. As
discussedby Jacob ci a!. [1995], the sharpdrop in H2OilNO,
betweenSeptemberandOctobermaybe associatedwith ashift

.

Species
Claremont, Califomnia,a
June25, 1987, 1300 LT

Atlanta, Georgia,
August 10, 1990,

b
1700 LT

Virginia,C
September12, 1990, 1500 LT

03 200 (143) 75
NOy 65 (12) 4
HCHO 10.5 4 ..-

11202 0.99 (3.5) 1.5
HN03 20 -‘I .

O3/NOy 3.1 (12) 19
HCHO/NOy 0.16
H202/NOy 0.017

(033)
(O.l-5M3)

.-.

0.38
H2OIJHNOS 0.05

a From B. Croes(privatecommunication,1994).
b Ratiosfor Atlantaarebasedon helicopterobservationsof theplume30 km southeastof Atlanta, coincidentwith peakO~

at600 m. ECHO and11202wereobservedat the GeorgiaTechcampusneardowntown. FromSil&nan ci aL [19951.
c FromJacobet al. [1995].

Northeastcorridor Lake Michigan
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toward IWO-sensitivechemistryduring the winter. Kleinnzan
[1991] also discussesthe seasonalshift from NO,-sensitiveto
ROG-sensitivechemistry in eastern North America and
correlatesit with changesin measuredH202.

Conclusions
Model predictionsfor 03-NO,-ROC sensitivity havebeen

shown to correlate with simulated values for four indicator
species:NO,, 01J(NO,- NO,), (HCEO-5 ppb)/(NO, - NO,). and
H�02111N03,all coincidentwith the ozonepeak. The derived
correlations betweenozone sensitivity and the indicator
specieschangesomewhatwhen model assumptionsare altered,
but the model correlationsremain ax least partiallyvalid, even
when modelemissionrazesare stretchedfar beyondthe rangeof
currently acceptedvalues. The sensitivity correlations for
O~J(NC~- NO,) and H20~JHN03appearto berobustandarenot
affectedby changesin thodel assumptions,althoughthey may
be affectedby changes(e.g.. solar radiation, and aerosol
formation) not includedhere. The connectionbetweenthese
speciesandNOCROGsensitivity hasalso beenexplainedin
termsof the fundamentalchemistryof 03,NO,, andROG.
The correlations suggest that the indicator species may

provide a powerful tool in assessingthe relativeeffectiveness
of RaG versusNO, controlsandalso will provide animportant
testfor the accuracyof ozone-N0,-R0Csensitivityaspredicted
by individual applications of urban models. The successof
O3/(N0, - NO,) asan indicatoris especiallyimportant as atool
for model evaluation. At present, regulatorydecisionsin the
United Statesaremadeon thebasisof results of photochemical
models that areevaluatedin terms of their ability to simulate
measured0~.The resultsof this papersuggestthatevaluation
of model performancesin comparisonwith measuredpeak03
andconcurrentNO, - NO, would provide a strongerbasis for
confidencein predictedN0,-R0(3 sensitivity.

Appendix: Derivation of 03-ROG-NO,
Sensitivity in Terms of ROG/NO~,H2021HN03,
and O3JNO~Ratios
The split between ROG-sensitive and N0,-sensitive
photochemistrycanbe derived in theory from the steadystate
equationfor odd hydrogenradicals(equation(1)). Productionof
O3isassumedequaltothesummedratesofthe0fl-i- RHandOH
+ CO reactions(Ri) and (R4). In addition,equation(1) will be
modified to include formation of organic nitrates (including
both PAN andailcyl nitrates) as a sink for oddhydrogenwith
the assumptionthat the rate of formation (spAN) is directly
proportionalto productionrate for 03. By using the following
nomenclaturesubstitutions,

P0, =k4CO][OHH-k[RH][OH]

— ~PAN

fPAN— ,,

— L4RH]
~ k4CO]+k1[RH]

_[N01 _1N02]
‘Y1[NO] V2_[NO]

Equation(1)becomes

S _zk~v2[NO1]~ - , 1 ~
H k[RHI oi•~~~6[No]2 0, -r PAN ( )

The transition betweenthe NO,- and ROG-sensitiveregimes
can be identifiedby equatingpartial derivativesfor P0, with
respectto a percentageincreasein NO, (aNO,/N0,) or RH
(aRHJRH’~:

[RH] &[RH] = [NO,] 3(N0,] (A3)

Equation(AS) will be substitutedinto (A2) with the assumption
thatboth 5H and~2AN canbe expressedas functionsof PQ3;

a aaNo,] are zero for these terms. The

analyticalrelationbetweenPAN and03 is discussedby Siliman

ci aL [199Gb, 1991]. It will also be assumedthatx is constant.
The resultingsubstitutionyields

~ _xk
7

v
2

NO,]3 A4
0, k1k~~6 [RH]

Equation(A4) can be substitutedinto the rateexpressionsfor
reactions(Its), (R6), and (23) to obtain a criterion for the
transition point betweenN0,-sensitive and ROG-sensitive
chemistry in terms of photochemicalproductionrates for
HA, RCOK and}Tht03 (~u2o,.~acctj, andPp~o): -

=
2(PH2Q. +~R00H) (AS)

Equation(AS) providesthe rationalefor the useof peroxideto
nitric acid ratiosas indicators for sensitivity with an apparent
transitionpointat (I~202+ ROOH)/HNO3 = 0.5. whereROOf-I
is assumedto representorganic peroxidesformed via reaction
(R6) only. This is equivalent to a transition point at
H202/HNO3 = 0.35basedon the relativemagnitudeof reactions
(R5) and (R6) in the simulations. The simulationresultsin
Table 1 show transition points at H202/HNO3 0.3-0.6 with
the highest transition ratios in simulations with greatest
photochemicalaging. The higher transition ratios in agedair
may be causedby the higher rate of dry depositionof 11N03
relative to H202

Equation(AS) can also be used to obtain transition criteria in
terms of 03. NO, , andNO,. Substitutionof (AS) into (A2)
yields

=
2Pp~n~~,+ ~i’AN (A6)

Sourcesof oddhydrogen(
5

H) includephotolysisof both.03and
aldehydes.wherealdehydeconcentrationstend to increasewith
increasing0~.If it is assumedthat the sourceof oddhydrogen
is proportional to 0~,then the transition betweenNO,- and
RQG-sensitivechemistry should be associatedwith a fixed
value for theratio

(Ala) 03
NO, - NO, + HNO3 (A7)

(Mb) In practical termsthis suggeststheuseof eitherOil(N0, - NO,)
or 031EN03as anindicatorfor NO,-ROG sensitivity.

(Aic) Theuseof theslopeof 03 versusNO, - NO, asanindicatorcan
alsobejustified by converting(A2) to differentialform,

(Aid) ~n A(2Pw,o,÷2P~oo~+Pg~o,+Pp~) (AS)
whereASgversusa(P1j,~,+ PPAN) canbe associatedwith the
slopeof 03 versusNO, - NO, for anensembleof measurements.

(Ale) In combination with the criteria definedby (AS), this suggests
that an ensembleof points with ROG.sensitivechemistry(with
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high PI~OflH2a.) will havealower i~0,Jt(NO,- NO,) than a
N0,-sensitiveensemblewith low PHNOJPH2O2. However,alow

- NO,) can also be indicative of an ensembleof
points in transition between NO,- and ROG-sensitive
chemistry (with rapidly varying ~ as weU as an
ROG-sensitiveensemble.

A link betweenN0,-R0G sensitivity and the ratio ROG/N0,
can alsobederivedfromequations(A2) and(A4) if it is assumed
that the oddhydrogensourceterm increaseswith ~O3~ In this
case,(Al) and(A4) combineto yield the following criterion for
the transitionfrom NO,- to ROG-sensitivechemistry:

k1[RH] — 2~k7w2
(NO,] as11iap0,

This is the familiar result that the transition betweenNO,-
sensitive and RUG-sensitive 03 in polluted environments
occurs at a fixed RUG/NO, ratio, with a higher ratio
correspondingto NO,-sensitive03. The requisiteassumption

(SH — Po,) is valid only in the limiting caseof high RH and
NO,. The productk1[RH] in (A9) implicitly representsa
reactivity-weightedsum of ROG becausek1 [RH] representsthe
the sumof manyindividual RH + OH reactions[seeChameides
et a!., 1992].

It is useful to comparethis formulation of NO,- and ROG-
sensitive photochemistrywith the NO,- and radical-limited
regimesof Kleiwnan [1991, 1994]. Kleinman’s radical-limited
regime representsa situation in which the source term for
odd hydrogen(SH) is smaller than the NO, source (SN), Le.,
5

H <
5

N’ and is characterizedby continually increasingNO,,
very low OH, andno sigifnicant photochemicalproductionof
03. Sourcesandsinks for NO, are in equilibrium in Kleinman’s
calculation (SN = niNa, + l’RN) unlessS~>5N~In theseterms,
ROG-sensitivechemistryis associatedwith the criteria (from
(A6))

niNo,
~BNO,+

1
’RN

The regionwhereSN cS~< c5N is of specialinterestfor urban
photochernistry,becauseit includes significant OH-driven
chemistryandproductionof 03 but therate of ozoneproduction
is sensitiveto ROG rather than to NO,. True NO,-sensitive
chemistryonly occurswhen SH>~ The inclusionof NO,-
andRUG-sensitiveregimesas definedhereappearsto represent
asigitificant additionto Kleirunan’s formulation. The NO,- and
ROG-sensitiveregimedefInedherearealso associatedwith the
multiple steadystate solution hypothesizedby K/c inman
[1994].
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